We demonstrate a near-octave spanning and soliton modelocked mid-infrared frequency comb in a silicon microresonator. The soliton state can be accomplished via either pump laser detuning or electrical tuning of the free-carrier lifetime. OCIS codes: (140.3948) Microcavity devices; (190.4975) Parametric processes; (190.4390) Integrated optics
. (a) Left: Optical spectrum recorded by FTIR. Right: RF spectrum of free-carrier-induced current from 3PA process. (b) Transmission (blue solid curve) and free-carrier-induced current (red dashed curve) as the pump frequency is scanned. Arrows correspond to four states (i-iv) in (a). (c) Optical spectrum of soliton mid-IR frequency comb pumped at 3.07 μm.
In this paper, we demonstrate the first coherent mid-IR frequency comb that shows evidence of temporal dissipative cavity soliton formation and modelocking. The device is a high-Q etchless silicon microring resonator with a silica cladding and an integrated PIN structure. The free spectral range is 125 GHz, and the cross section of the microring is dispersion engineered to have anomalous group-velocity dispersion beyond 3 µm for the fundamental TE mode. The PIN junction is operated at reverse bias to control the effective lifetime of the free carriers generated by three-photon absorption (3PA) and is critical for mid-IR frequency comb generation in silicon [6, 11] . To experimentally generate frequency combs, we tune the cw pump laser at 2.8 µm into resonance at a bias voltage of -20 V. The comb generation dynamics are shown in Fig. 1(a) . The off-resonance pump power in the bus waveguide is 35 mW. The optical spectrum and both DC and RF components of the extracted free carrier (FC) induced current are monitored simultaneously via an FTIR, a Keithley Sourcemeter, and an RF spectrum analyzer, respectively. The FC induced current provides a unique way to monitor intracavity power with high bandwidth [7] .
978-1-943580-11-8/16/$31.00 ©2016 Optical Society of America From Fig. 1 (a) (i) to (iii), the pump power builds up inside the microring, resulting in an increase in DC current. During this process, multiple mini-combs grow and interact with each other, creating multiple RF beatnotes and high RF amplitude noise [ Fig. 1 (a)(i-iii)]. The frequency comb state abruptly transitions to a low noise state with a more structured optical spectrum [ Fig. 1 (a)(iv)]. More importantly, the transition coincides with an abrupt increase in the DC current from 0.676 mA to 0.939 mA, which is a strong indication of pulse formation inside the cavity, since the FC-induced current is proportional to the cube of temporal peak power due to the intrinsic 3PA process. In addition, we scan the pump frequency over the resonance while monitoring the transmission using a mid-IR detector, as shown in Fig. 1(b) . The transmission shows a clear step pattern, which is another strong indication of soliton modelocking [4] , and the position of the transmission step corresponds to the abrupt increase in current. Thus, even though the intracavity average power decreases, the fact that there is a large increase in current indicates soliton formation with high peak power. Furthermore, we obtain a coherent soliton mid-IR frequency comb with nearoctave spanning spectrum spanning 2.4 -4.3 μm, pumping at 3.07 μm with 80 mW in the bus waveguide, shown in Fig. 1(c) . The high wavelength side of the frequency comb is capped at 4.3 μm, which is due to the intrinsic loss of silica. To our knowledge, this is the broadest modelocked frequency comb demonstrated in microresonators.
We demonstrate another method for achieving modelocking by controlling the FC lifetime via electrical tuning of the reverse bias voltage at the PIN junction. Cavity tuning using free carriers to achieve modelocking has been previously studied through numerical simulations [12] . First, we investigate the transmission across a resonance by scanning the pump laser frequency at different bias voltages of -35 V, -20 V, -14 V, and -7 V. We see the cavity resonance blue shifts with decreasing voltage, indicating that we are in the regime where free-carrier dispersion dominates and that, more importantly, tuning the bias voltage could change the pump detuning within the cavity resonance. To achieve modelocking, we follow the tuning direction, as shown in Fig 2(a) , from -20 V to -7 V. Starting from a high noise state at -20 V, the frequency comb achieves modelocking at -7 V, corresponding to the observation of steps in the transmission. The corresponding evolution with both optical and RF spectra are recorded in Fig. 2(b) . A transition to a modulated optical spectrum, low RF amplitude noise, and an abrupt change in DC current further indicates soliton modelocking. The final bias voltage to achieve modelocking is dependent on the initial pump detuning and voltage. Hence, electrical measurement and control of free carriers via an integrated PIN junction in a silicon chip is shown to be a very powerful tool in the mid-IR for monitoring intracavity dynamics, as well as for tuning the frequency comb state towards soliton modelocking. 
